Abstract. In the US in particular, there is an increasing emphasis on the importance of science in education. To better understand a scientific topic, students need to compile information from multiple sources and determine the principal causal factors involved. We describe an approach for automatically inferring the quality and completeness of causal reasoning in essays on two separate scientific topics using a novel, twophase machine learning approach for detecting causal relations. For each core essay concept, we initially trained a window-based tagging model to predict which individual words belonged to that concept. Using the predictions from this first set of models, we then trained a second stacked model on all the predicted word tags present in a sentence to predict inferences between essay concepts. The results indicate we could use such a system to provide explicit feedback to students to improve reasoning and essay writing skills.
Introduction
Educational standards in the US have increased considerably in accordance with the Common Core standards and Next-Generation science standards [15, 19] . These standards call for a focus on comprehending and evaluating science models, theories, explanations, and evidence, and learning from multiple documents and representation formats. However, middle and high school students and even many undergraduates have difficulty learning from multiple documents in science or history [4, 25] . One explanation is students fail to develop an adequate schema for this genre to guide their reasoning. According to Kintsch and Van Dijk [16] , effective integration and summarization requires learning genre-specific macro-rules that differentiate the more salient information from the less.
To explain scientific phenomena, one must explain how a sequence of causal factors leads to an outcome via a sequence of intervening concepts -a causal chain. For example, in Figure 1 we can see how the 2 separate initiating factors of decrease in trade winds and storms/rainfall lead via two different causal chains to the outcome of coral bleaching. A schema for such a process would thus involve slots for the initiating factors, concepts, the final outcome and for the causal links by which the factors and concepts drive the outcome.
Fig. 1. Causal model for coral bleaching
Essay writing is an important learning skill, and has been shown to promote deeper understanding and integration of information from different sources [3, 26] . Thus, as part of a much larger project 1 [7] , we are examining student comprehension of scientific explanations (e.g., explain how and why coral bleaching rates vary at different times) from multiple documents of a variety of types (e.g., descriptive texts, images, graphs and maps) as measured primarily from an essay written with the available documents. A complete and coherent explanation requires integrating information from the entire document set to form a causal model of the phenomena. To improve reading and writing skills in this domain, students need practice developing schemas for understanding this sort of material. This study investigates the use of machine learning to map written essays to a complete causal model of the essay topic. This technique can then lead to the creation of tools that can help guide students in the development of such schemas to aid comprehension and develop better writing and reasoning skills.
Related Work
Explaining causality has long been a focus in science education [5,24, for example] . However, little research has been carried out to automatically detect causal
